The Candida albicans MYO5 gene encodes myosin I, a protein required for the formation of germ tubes and true hyphae. Because the polarized growth of opaque-phase cells in response to pheromone results in mating projections that can resemble germ tubes, we examined the role of Myo5p in this process. We localized green fluorescent protein (GFP)-tagged Myo5p in opaquephase cells of C. albicans during both bud and shmoo formation. In vegetatively growing opaque cells, Myo5p is found at sites of bud emergence and bud growth, while in pheromone-stimulated cells, Myo5p localizes at the growing tips of shmoos. Intriguingly, cells homozygous for MTLa in which the MYO5 gene was deleted failed to switch efficiently from the white phase to the opaque phase, although ectopic expression of WOR1 from the MET3 promoter can convert myo5 mutants into mating-competent opaque cells. However, when WOR1 expression was shut off, the myo5-defective cells rapidly lost both their opaque phenotype and mating competence, suggesting that Myo5p is involved in the maintenance of the opaque state. When MYO5 is expressed conditionally in opaque cells, the opaque phenotype, as well as the mating ability of the cells, becomes unstable under repressive conditions, and quantitative real-time PCR demonstrated that the shutoff of MYO5 expression correlates with a dramatic reduction in WOR1 expression. It appears that while myosin I is not directly required for mating in C. albicans, it is involved in WOR1 expression and the white-opaque transition and thus is indirectly implicated in mating.
U
nder different environmental conditions, the human pathogen Candida albicans is able to grow in different morphological forms. In response to changes in nutrient status, temperature, and pH, for example, Candida cells can switch from the yeast growth form to pseudohyphae or true hyphae, and this well-studied switch has led to the classification of C. albicans as dimorphic. However, C. albicans can exist in other morphological forms. A second well-studied morphological transition is the white-opaque switch. White and opaque cells are easily distinguished under the microscope; white-form cells are of the classic ovoid yeast shape, and opaque-form cells are much more elongated (2) . On agar plates, white cells form domed colonies of a whitish color, while opaque cells form colonies that are flattened and greyish (2) . Multiple environmental stimuli that slow cell growth lead to an increase in white-to-opaque switching in C. albicans (1) . The opaque phase is stable at 25°C; however, upon shifting of the temperature to 30 to 37°C, cells switch en masse to the white phase (47) .
More than 450 genes are modulated in expression during the white-opaque transition (26) , and recently a master regulator of white-opaque switching, the WOR1 gene (22, 46, 54) , has been identified. The data suggest that Wor1p is autoregulated. That means that once Wor1p expression is established, it tends to remain on, with a positive-feedback loop keeping the cells in the opaque state (54) . In addition there is chromatin level regulation; several chromatin-modifying enzymes, such as Hst2p, Set3, and Hos2, are involved in the modulation of white-opaque switching (20) .
The white-opaque transition plays a key role in the mating of C. albicans. The mating type locus of C. albicans controls the white-opaque transition. Only cells of the a or ␣ mating type are permissive for switching, and only opaque-form cells are able to mate with high efficiency. C. albicans cells are diploid and have never been observed to undergo meiosis; however, the morphological changes that opaque cells undergo in response to pheromone are similar to those seen in Saccharomyces cerevisiae haploid cells. Mating-competent cells form mating projections in response to pheromone, and although these forms have been termed shmoos in both cell types, C. albicans can generate very long hypha-like conjugation tubes, while S. cerevisiae forms only short projections (29, 49, 53) . Although the variety of cellular forms exhibited by C. albicans can be triggered by distinct cellular processes, in each instance polarized growth events must take place. Polarized growth is directed by the actin cytoskeleton, which consists of actin patches and actin cables (31, 42, 43) . The myosin family proteins appear to interact with actin filaments in different ways to promote polarized growth in yeasts (8) . In particular, the myosin type I protein encoded by MYO5 in C. albicans is required for the organization and polarized distribution of cortical actin patches. Myosin I is found to be colocalized with actin patches at the bud and hyphal tips, and a myosin I-null mutant shows impaired polarized growth and is incapable of hyphal formation (38) . Genetic studies have revealed that myosin I functions in many actin-based processes, in particular endocytosis and exocytosis (17, 33, 37, 42, 43) . In C. albicans, it has been observed that the ability to form hyphae is strictly correlated with MYO5 function in endocytosis (37) .
Because shmoo formation in C. albicans involves long polarized mating projections, we were interested in the potential role of Myo5p in this process. Intriguingly, in our study we found that a simple assessment of the role of Myo5p in shmoo formation was not possible, because cells lacking MYO5 fail to switch from the white phase to the opaque phase. However, myo5-defective cells are able to switch to the opaque state and mate if the WOR1 gene is overexpressed. Opaque cells with MYO5 conditionally expressed rapidly convert to the white form and lose mating competence when MYO5 expression is shut off. The drop in MYO5 expression reduces WOR1 expression as well, suggesting that MYO5 operates upstream of WOR1 gene expression in the whiteopaque switching pathway.
MATERIALS AND METHODS
Strain construction. The strains used in this study are listed in Table 1 . C. albicans strains were transformed by the one-step lithium acetate-polyethylene glycol transformation protocol (18) . The strain containing MYO5-GFP (CaNK02) was constructed by transforming strain 3294 (MTLa/MTLa) (32) with BglII-cleaved pVEC-MYO5-GFP (Table 2) (38) and selecting for Ura ϩ recombinant clones. Strains CaNK03 (MTL␣/ MTL␣ CDC12-GFP) and CaNK01 (MTL␣/MTL␣ MYO5-GFP) were derived from the MTLa/MTL␣ CDC12-GFP strain (U. Oberholzer, unpublished data) (created by inserting plasmid pVEC CDC12-URA3 into the CDC12 site of strain CaI-4) and the MTLa/MTL␣ MYO5-GFP strain, respectively (38) , by growth on a medium containing 2% (wt/vol) sorbose as the sole carbon source at low density for 7 days at 30°C to select for the loss of one copy of chromosome 5, the chromosome containing the MTL locus (24) . Homozygotes of specific mating types were verified by PCR with appropriate flanking primers.
Strain CaNK06, carrying both MYO5-GFP and NOP1-YFP, was generated from strain 6449, a BWP17 derivative containing a NOP1-YFP fusion (14) . The MYO5-GFP allele was integrated into strain 6449 as described above. Positive transformants were screened by fluorescence microscopy and were confirmed by PCR. To obtain MTL isogenic derivatives, cells of strains containing fluorescent protein sequences were sorbose selected (see above). To create a mutant in which both copies of the MYO5 gene were deleted (CaNK09), strain 3294 was first transformed with pU21 (38) , which had been digested with KpnI and SacI. Positive transformants derived from strain 3294 were then plated on a medium containing 5-fluoroorotic acid. The Ura Ϫ strains thus obtained were analyzed by PCR for the loop-out event that occurs by homologous recombination between the hisG direct repeats flanking the URA3 gene. The MYO5/myo5::hisG strain produced (CaNK08) was again transformed with pU21 digested with KpnI and SacI. Ura ϩ transformants were analyzed similarly for the correct integration event resulting in the disruption of the second MYO5 allele with the hisG::URA3::hisG blaster. Positive myo5::hisG/myo5::hisG::URA3::hisG transformants were analyzed for the correct loop-out event by plating on 5-fluoroorotic acid as described above. The ⌬myo5/⌬myo5 (⌬/⌬ myo5) mutant was transformed with pRZ25 (containing the MET3-WOR1 construct), which had been linearized with NcoI to direct integration to the RP10 locus (Table 2) (54) .
A conditional knockout of MYO5 (CaNK11) was generated in the CaNK08 strain heterozygous for the deletion of MYO5 by insertion of the MET3 promoter before the ATG start codon of the remaining MYO5 sequence. Transformation cassettes were generated by PCR using a genespecific primer pair from pFA carrying the MET3-URA3 cassette (Tables 2  and 3) . A strain carrying the SLA2 loss-of-function mutation (sla2⌬871-1789) was constructed by the SLA2 disruption cassettes produced by PCR from pGEM carrying the URA3 and HIS1 cassettes, respectively (Tables 2  and 3 ). These disruption cassettes replace the SLA2 open reading frame (ORF) between nucleotides 871 and 1879.
Media and growth conditions. For conversion from the white to the opaque phase, starting strains in the white phase were grown overnight at 30°C in liquid yeast extract-peptone-dextrose (YPD), and a 2-l aliquot was diluted with sterile water and was plated at low density on several synthetic complete (SC) (pH 4.5) plates (44) supplemented with 2% glucose as the carbon source (SCD) and containing 0.0005% (wt/vol) phloxine B; these plates were incubated at 24°C. Opaque-phase cells were purified from dark purple colonies, and the unique opaque-phase cell phenotype was verified microscopically and by mating tests.
For each experiment, strains were routinely restreaked from the original Ϫ80°C glycerol stock on SCD-phloxine B plates, and the cell morphology of a fresh opaque colony was reconfirmed by microscopy. For transformations, strains in the white phase were grown to stationary phase in YPD medium at 30°C. SCD liquid medium supplemented with 100 g/ml uridine was used to maintain strains in the opaque phase at room temperature. For the MET3 induction experiments, cells were grown on solid SCD medium plus uridine (SCDϩUri medium) lacking Met and Cys (SCD-MC). To repress the MET3 promoter, SCDϩUri medium was supplemented with 2.5 mM (each) Met and Cys (SCDϩMC). Spider medium containing 1% nutrient broth, 1% mannitol, 0.4% potassium phosphate, and 100 g/ml uridine was used for mating and shmoo formation assays.
Pheromone treatment. Opaque cells from phenotypically homogeneous 7-day colonies of the a mating type were individually inoculated in liquid SCD medium and were grown at 24°C for 48 h in a rotary shaker (240 rpm). Cells were harvested at mid-log phase (5 ϫ10 6 to 1 ϫ10 7 cells/ml). Harvested cells were first pelleted and then resuspended in an equal volume of fresh liquid SCD medium containing 1 g/ml ␣ pheromone (13-amino-acid [aa] version) and were incubated at 24°C in a rotary shaker (240 rpm) for 2 to 4 h. Mating analysis. Mating strains in the opaque phase were grown at 24°C overnight in liquid SCD medium, and cells of each mating type at an optical density at 600 nm (OD 600 ) of approximately 3 were mixed and deposited onto 0.8-m-pore-size nitrocellulose filters by using a Millipore 1225 vacuum sampling manifold. The filters were incubated on the surfaces of plates containing Spider medium at 24°C. Cells were collected from the filters in 5 to 7 and 16 h and were analyzed microscopically.
Patch mating assay. Horizontal streaks of the strains under investigation were made using toothpicks on YPD plates. On separate plates, the This study tester ␣ strain was streaked vertically. After 2 days' growth, the tester strains and the experimental strains were replica plated together on the surface of a fresh YPD plate and were incubated for 48 h at 24°C. After mating, this plate was again replica plated onto a selective medium so that only "tetraploids" would be able to grow. Confluent growth at any intersection was scored as efficient mating, while no growth at an intersection was scored as no mating (7). Fluorescent staining. For FM4-64 staining, 1 l of a stock solution (1.64 mM in dimethyl sulfoxide [DMSO] ) was added directly to 1 ml of culture, and the culture was then incubated for a further 10 min. Cells were harvested by brief centrifugation and were washed with 1ϫ phosphate-buffered saline (PBS). Microscopic imaging was performed immediately (11) .
Fluorescence microscopy. For all types of fluorescence, cells were mounted on slides in PBS buffer (pH 6.5) or in SCD medium (pH 6.5) for visualization with the appropriate filter by epifluorescence microscopy using an upright Leitz Aristoplan microscope with a 100ϫ immersion oil objective and a 10ϫ projection lens.
Video microscopy. Overnight opaque cell cultures of strains CaNK03 (MTL␣ CDC12-GFP) and CaNK06 (MTLa NOP1-YFP MYO5-GFP) were mixed at a ratio of 1:1, pelleted, and then placed in fresh SDC medium diluted 1:1 with water-agarose containing 2% agarose. The sample was mounted on the slide and was covered with a coverslip. Live video microscopy was carried out at room temperature using a Leica DM-IRB inverted microscope equipped with a Ludl motorized stage and a SenSys chargecoupled device camera. Pictures were taken with a 63ϫ objective and a 10ϫ projection lens every 10 min at 10 different locations.
Quantitative real-time PCR. Cells of strain CaNK11 in the opaque phase were plated onto SCD-MC or SCDϩMC plates. After 5 days of growth at 24°C, 3 opaque colonies from the ϪMC plate and 3 colonies each of wrinkled and smooth phenotypes from the ϩMC plate were selected and checked for the cell phenotype. Cultures were inoculated from a fresh colony and were grown overnight in SCD-MC or SCDϩMC medium at 24°C. Cultures were then diluted to an OD 600 of 0.1 in 100 ml of fresh SCD-MC or SCDϩMC medium and were grown at the same initial temperature until an OD 600 of 0.4 to 0.8 was reached. Cells were then centrifuged for 5 min at 3,500 rpm; the supernatants were removed; and the samples were quick-frozen and stored at Ϫ80°C. After that, cells were disrupted using acid-washed glass beads, and total RNA was extracted by a standard hot-phenol method (25) .
First-strand cDNAs were synthesized from 4 to 5 g total RNA in a 20-l reaction volume using the SuperScript First-Strand Synthesis system for reverse transcription-PCR (RT-PCR) (Invitrogen). Quantitative real-time PCR was performed in triplicate using the Corbett Rotor-Gene RG-3000A thermal cycler (Corbett Research, Sydney, Australia) with SYBR green fluorescence (Qiagen, Chatsworth, CA). Independent amplifications were performed using the same cDNA for both the gene of interest and the C. albicans ACTI ORF as a reference, using the SYBR green PCR master mix. The fold enrichment of the gene of interest was estimated using the comparative ⌬⌬C T method (45) . The primer sequences used for this analysis are summarized in Table 3 .
RESULTS
Myosin I localization in opaque cells during budding, shmooing, and mating in C. albicans. We investigated the role of Myo5p in the mating process of C. albicans. A MYO5-GFP fusion was integrated at the MYO5 locus of MTLa/MTLa MYO5/MYO5 strain 3294 (32) to generate strain CaNK02 (MYO5/myo5::pVEC MYO5-GFP-URA3). Cells bearing the fluorescent signal and verified for the correct site of the MYO5-GFP insertion were then screened for the mating-competent opaque form on SCD-phloxine B plates (3, 12) . Fluorescence microscopy was used to detect the fusion protein in order to establish the localization of myosin I in vegetatively growing C. albicans opaque-form cells. Myo5p-green fluorescent protein (GFP) in exponentially growing opaque CaNK02 cells localized to patches that were dispersed in the mother cells and localized at the tips of emerging buds ( Fig. 1IA and B); this localization was similar to that found in vegetatively growing white-form cells (38) . As the bud grows, there is an alternation of highly polarized growth, where Myo5p-GFP localizes at the tip of the bud, and isotropic growth, where the Myo5p-GFP signal localizes more evenly over the entire bud periphery. These events function in a temporal sequence until nuclear division is completed, at which point the Myo5p-GFP signal is also observed at the mother-bud neck (Fig. 1IC ).
The presence of ␣ pheromone in the culture medium induces sexual differentiation in cells of the a/a mating type; this differentiation includes a pheromone-induced polarization termed shmoo formation (49) . The localization of Myo5p-GFP in such shmoos was examined after treatment of strain CaNK02 (opaque; a/a MYO5/ MYO5-GFP) with 1 g/ml synthetic ␣-factor. Myo5p-GFP localized in patches at the shmoo tips (Fig. 1IIA) , and throughout the shmoo elongation process, Myo5p-GFP was found in apically clustered patches (Fig. 1IIB) .
To investigate the localization of Myo5p during the actual mating process, we created two strains: an a/a strain designated CaNK06 containing NOP1-YFP and MYO5-GFP that was derived from the a/␣ NOP1-YFP strain 6449 (a kind gift from J. Berman) and an ␣/␣ MYO5/MYO5-GFP strain designated CaNK01. Nop1p-YFP is a yellow fluorescent protein fusion to the C termini of the small nucleolar ribonucleoprotein Nop1p (14) . This marker allows the visualization of nuclei in order to clearly differentiate the two potential parent cells and therefore distinguish a true mating fusion (Fig. 1IIIA ) from a bud emerging at the end of a shmoo. Based on the Myo5p dynamics in shmoos, we would have expected to find a concentration of fluorescence at the point of fusion. However, after cell fusion, the Myo5p-GFP signal is found dispersed in the fusion bridge and parent cells, suggesting that the GFP signal relocalizes rapidly after mating. A concentration of Myo5p-GFP appears again in the fusion product only at the site of the formation of the first daughter cell (Fig. 1IIIB) .
Interestingly, germ tubes and shmoos in C. albicans exhibit similar morphologies: each forms as an unconstricted projection growing out of the mother cell ( Fig. 2) (10, 53) . We plated cells from a mating mixture on Spider medium plates ( Fig. 2A, B , and E); in this case, typically, cells generate very elongated shmoos that are highly reminiscent of standard germ tubes ( Fig. 2C and D) . We stained the shmoos with FM4-64, a dye capable of identifying the Spitzenkörper, a membrane-dense structure observed at the tips of growing hyphae (11, 15) . Although FM4-64 staining is concentrated at the tips of the growing shmoos, the fluorescent signal is somewhat diffuse compared with the compact, solid signal in hyphal cells ( Fig. 2A, B, and C) . Recently, a detailed analysis of this Spitzenkörper-like structure in shmoos has been performed for both S. cerevisiae and C. albicans (10) . In this work, a clear Spit- zenkörper-like localization of FM4-64 was observed in C. albicans 1 h after induction by ␣-factor but was not detected in shmoos growing for 3 h. It is likely that we observed a less-compact FM4-64 staining, since we were observing shmoos forming by cellular stimulation rather than by artificial pheromone addition, and we were monitoring the cells at the later stages of shmoo formation.
Another very specific characteristic of germ tubes and true hyphae, in contrast to structures such as pseudohyphae, is the localization of the septin ring. In germ tubes, the first septin ring is observed at a position distant from the mother cell-germ tube junction, while in buds and pseudohyphae, this ring is at the mother-bud neck. We examined the localization of GFP-tagged Cdc12p, one of the subunits of the septin ring, and observed that in C. albicans shmoos, the septins localize as side strips at the base of an emerging mating projection. This behavior is also seen in S. cerevisiae shmoos (30) and C. albicans germ tubes (48) . However, in contrast to germ tubes, which ultimately form a septin ring at the future site of nuclear division, no septin ring forms in the shmoo projection, even in shmoos of significant length ( Fig. 2D and E); this pattern is in agreement with that recently observed for a Cdc10-GFP fusion construct (10) . However, the overall movement of Myo5p during shmoo growth is similar to that in hyphae ( Fig. 3 ; see also time lapse movie S1 in the supplemental material) (38) .
Influence of myosin I on the white-opaque transition in C. albicans. We created an a/a ⌬/⌬ myo5 mutant strain (strain CaNK09) to examine the role of myosin I in the shmooing of opaque cells and in the mating process. The white-form cells of this strain exhibited the classic myosin-defective phenotype: the cells looked abnormally round, were often enlarged, and were clumpy compared with wild-type (WT) cells (38) . We screened this a/a ⌬/⌬ myo5 strain for colonies that had undergone the white-opaque transition, but after 7 days of incubation on plates containing phloxine B, we detected no colonies with dark purple sectors, which are a typical sign of the presence of opaque-phase cells (22, 35) (Fig. 4A and B) . The screen was repeated in three replicas for four plates of both the myo5 mutant and the isogenic wild-type strain; each plate contained approximately 300 to 400 colonies. The control strain showed frequent opaque sectors, which ranged from 17 to 28 per plate, corresponding to an average frequency of 4.8 with a standard deviation of Ϯ0.7 opaque sectors per 100 cells (Table 4) . We found that all colonies of the mutant strain were isochromatic, though somewhat pinker than those of the control (Fig. 4B) ; inspection of these colonies did not identify any sign of opaque cells. Overall, it appears that the frequency of the white-opaque transition depends on the copy number of the MYO5 gene. Strain CaNK07, in which one of the MYO5 alleles is replaced with the URA3-blaster, has a 10-fold-lower frequency of switching than the wild type: on average, 0.36 Ϯ 0.21 per 100 cells. The strain with an allele of MYO5 tagged with GFP showed a minor effect on white-opaque switching (2.4 Ϯ 0.7 opaque sectors per 100 cells [ Table 4 ]), suggesting that the GFP-tagged protein played an essentially normal role in the switching process.
Ectopic WOR1 expression allows ⌬/⌬ myo5 cells to switch to the opaque phase. WOR1 is a master regulator of the whiteopaque transition (22) . We transformed the a/a ⌬/⌬ myo5 strain (CaNK09) with plasmid pRZ25, containing WOR1 expressed 
NOP1-YFP MYO5/MYO5-GFP and MTL␣/MTL␣ MYO5/MYO5-GFP strains) after 5 to7 h (A) and 16 h (B) of cultivation in liquid
Spider medium at 24°C, we observed a diffuse bright spot (yellow arrows) at the tip of the mating projection. In hyphal cells (C) generated by overnight growth in YPD medium at 30°C, followed by dilution to an OD 600 of 0.15 and cultivation in YPD medium supplemented with 10% (wt/vol) fetal calf serum at
37°C for 2, h we observed a tight fluorescent spot characteristic of a classic Spitzenkörper (blue arrow). (D to F) CDC12/CDC12-GFP cells were examined for Cdc12-GFP staining. Cdc-12p tagged with GFP localizes at the neck as bars parallel to the projection axis in both hyphal cells (D) and shmoos (E); however, although septin rings are evident in germ tubes (white arrows) (D), we never see similar structures inside mating projections (E and F). Fluorescent images of Cdc12p are superimposed on differential interference contrast images (D and E). Bars, 3 m (A, B, C, D, and F) and 5 m (E).
from the MET3 promoter (54), to create strain CaNK10 (a/a ⌬myo5/⌬myo5 Rp10/rp10::pRZ25 MET3-WOR1). The expression of WOR1 would be expected to trigger the formation of opaqueform myosin mutant cells. When the transformants were incubated on plates containing SCD medium lacking Met and Cys (SCD-MC) to induce the expression of WOR1, they formed colonies characterized by a very dark pink color on phloxine B-containing plates (Fig. 4C) . These colonies were also notably smaller than the ⌬/⌬ myo5 colonies grown on SCD medium supplemented with the dye. Cellular morphology was dramatically modified as well, with many cells exhibiting the classic elongated opaque cell shape, while other cells formed aberrant hypha-like structures (Fig. 5A ). Thus, a high level of WOR1 expression in ⌬/⌬ myo5 cells leads to phenotypic changes similar to those caused by the white-opaque transition in wild-type cells and apparently reduces the growth rate. This suggests that the light pink colony color of the ⌬/⌬ myo5 mutants stained with phloxine B simply reflects the mutant genotype background (34, 36) and does not hide the presence of opaque cells; had ⌬/⌬ myo5 cells switched to opaque, we should have observed very dark pink opaque sectors within the lighter-staining colonies of white cells.
We were interested in determining whether the ⌬/⌬ myo5 MET3-WOR1 strain exhibited other phenotypic characteristics of the opaque state, so we checked cells grown on plates with SCD-MC medium for mating competence. Figure 6 shows that under inductive conditions, cells with ectopic expression of WOR1 but lacking both copies of MYO5 become mating competent and thus exhibit both the morphological and the physiological characteristics of opaque cells. This shows that Myo5p function is not essential for mating when the Wor1p circuit is activated.
Myosin I is required in order to maintain the opaque phenotype. WOR1 expression is activated through the binding of the Wor1 protein to its own promoter (54), establishing a relatively stable epigenetic state. Thus, we expected to obtain stable opaque derivatives of the ⌬/⌬ myo5 MET3-WOR1 strain after ectopic WOR1 expression was shut off. However, the myo5 mutant cells that had been switched to the opaque state under MET3 inductive conditions failed to maintain the phenotype upon cultivation, even in SCD liquid medium, where the concentration of Met and Cys is too low (0.13 mM versus 2.5 mM) to completely suppress the expression of WOR1 from the MET3 promoter (Fig. 5B) . Thus, the expression of WOR1 at a low level does not appear sufficient to maintain the opaque state in the absence of MYO5. We investigated the phenotype of 91 individual opaque ⌬/⌬ myo5 MET3-WOR1 cells placed on agar plates under WOR1 shutoff conditions. Within 24 h, 60 cells had generated morphologically white form segregants (Table 5) , and when morphologically opaque cells were plated on SCDϩMC medium, after 5 days all colonies (73 colonies) exhibited only the white phenotype. Thus, it appears that as residual Wor1p is depleted, the cells switch to the white state. Cells lacking the MYO5 gene retain the ability to switch to the opaque phase when WOR1 is ectopically expressed but are then unable to maintain the WOR1 circuit in the absence of continuous ectopic Wor1p expression.
We further investigated the requirement for Myo5p in the maintenance of the opaque state by constructing a conditional (Fig. 7IB) . We could not find any colonies with sectors of opaque-phase cells among colonies obtained on the SCD repressive medium under conditions that normally support the white-opaque transition (data not shown). However, a/a ⌬myo5/MET3-MYO5 cells plated on SCD inductive medium could be successfully switched to the opaque phase (Fig. 7IIA) . We then examined whether the cell shape characteristic of opaque cells was stable under MYO5 loss-of-expression conditions. Opaque-phase cells were plated on SCDϩMC solid medium (to repress MYO5 expression) supplemented with phloxine B to allow visualization of white and opaque colonies and were grown for 5 days at 24°C. Because even under repressed conditions the MET3 promoter can have residual activity in C. albicans (9), we expected to find a certain phenotypic variability if the opaque characteristics of ⌬myo5/MET3-MYO5 cells became unstable under MYO5 loss-of-expression conditions. Under these conditions, we obtained two types of colonies, which were distinguishable phenotypically. One type of colony was dark pink and exhibited a wrinkled morphology. These colonies, as a rule, contained opaque-like and hypha-like cells similar to those of colonies derived from ⌬/⌬ myo5 MET3-WOR1 cells (Fig. 7IIB  and 5A ). It is intriguing that repression of MYO5 gene expression in opaque cells can lead to the appearance of cells with highly polarized projections, considering that polarized hyphal growth in white cells is blocked in the absence of Myo5p. The other type of colony was pink and had a smooth surface. These colonies contained mainly round and abnormally enlarged clumped cells with characteristics of the white form of ⌬/⌬ myo5 cells (Fig. 7C) . As well, individual opaque cells placed on the solid SCD medium under MYO5 shutoff conditions typically generated a white morphology cell as the initial bud and in 24 h had formed a whitephase colony (101 of 104 cells picked generated white colonies [ Table 5 ]).
The inability of cells with a conditional knockout of the MYO5 gene to maintain a stable opaque phenotype when MYO5 expression is shut off supports the idea that Myo5p may be needed for proper WOR1 expression. We analyzed the expression of WOR1 and MYO5 by quantitative RT-PCR. Average data for the experiment carried out in triplicate are shown in Fig. 8 . In spite of between-replica variation, it is apparent that when the MET3 promoter is repressed, both MYO5 expression and WOR1 expression decrease (compare the 59-fold gain of WOR1 expression in the ⌬myo5/MET3-MYO5 strain [opaque] on SCD-MC medium with the 7-fold gain in the ⌬myo5/MET3-MYO5 strain [wrinkled] on SCDϩMC medium and the 1.7-fold decrease in the ⌬myo5/ MET3-MYO5 strain [smooth] on SCDϩMC medium). Thus, a drop in MYO5 expression is correlated with WOR1 expression decay.
Deletion of SLA2 influences the white-opaque transition in the same manner as deletion of MYO5. In C. albicans, deletion of SLA2 leads to morphology changes similar to those for myo5 deletion, such as actin cytoskeleton disorganization, hyphal formation, and endocytic defects (5, 39), while transcript profiles of the ⌬/⌬ myo5 and ⌬/⌬ sla2 strains revealed a common set of genes whose expression was significantly modified (15) . We found that the ⌬/⌬ sla2 mutant grown on SCD plates at 24°C is also unable to switch to the opaque phase; no opaque cell sectors were observed in Ͼ1,200 colonies scored.
Formation of polarized projections in myo5 mutants. Shmooing cells in C. albicans have myosin I at the tips of the mating projections, a situation similar to that in germ tubes. Because white-phase cells lacking both copies of MYO5 are unable to form germ tubes (38) , it was of interest to know whether opaquephase cells lacking MYO5 could still generate shmoos in the same manner as wild-type opaque cells. We used both the ⌬/⌬ myo5 mutant with ectopic expression of WOR1 and the conditional knockout for MYO5 to investigate whether the presence of Myo5p in cells is necessary for the formation of shmoos, and if so, what their morphology is. Cells of the a/a ⌬/⌬ myo5 MET3-WOR1 strain growing on SCD-MC plates for 5 days were inoculated overnight (O/N) in SCD-MC or SCDϩMC liquid medium at 24°C. Cells derived from "wrinkled" and "smooth" types of colonies of the ⌬myo5/MET3-MYO5 strain were grown O/N in SCDϩMC liquid medium. Then each type of cell was mixed with an equivalent amount of ␣/␣ MYO5/MYO5-GFP or ␣/␣ CDC12/CDC12-GFP opaque cells from O/N SCD cultures. The mating mixture was cultivated in SCD-MC or SCDϩMC liquid medium for 5 to 7 h to allow the development of shmoos, and the cell mixture was analyzed under a fluorescent phase-contrast microscope. MTLa and MTL␣ cells could be distinguished through their Cdc12-GFP or Myo5-GFP markers (Fig. 9) . We used the mating mixture instead of treating a/a cells with artificial pheromone ␣, because the former procedure avoids the need for multiple additions of ␣-pheromone peptide to compensate for pheromone degradation (29) , and it is easy to compare the shmoo morphologies of the myo5-defective cells and the wild-type cells in one field of view. As noted, ⌬myo5/MET3-MYO5 cells under loss-of-expression conditions form shmoo-like structures if they are derived from "wrinkled" colonies ( Fig. 9A) but not if they are derived from smooth colonies (Fig. 9B) . It is possible that these polarized projections are formed in cells when the balance of Myo5 and Wor1p is perturbed, because similar structures form in myo5 disruption cells expressing ectopic WOR1 (Fig. 5) . It is not clear whether the hypha-like cells from "wrinkled" colonies further generate shmoos, because they are already extensively polarized. However, single cells are able to generate conjugation tubes of normal morphology. The shapes of cells generating these shmoos in many cases were different from the classic shape of wild-type opaque-phase cells (Fig. 9A) ; they looked roundish and abnormally big.
The culture of the ⌬/⌬ myo5 cells with ectopic WOR1 expression also possesses considerable morphological complexity. Untreated cells form polarized projections that are morphologically similar to shmoos; thus, it is impossible to say whether a given projection was induced by pheromone or formed spontaneously ( Fig. 9C and E) . However, these ⌬/⌬ myo5 MET3-WOR1 opaque cells are able to mate, suggesting that a fraction of the polarized projections are functional. As well, these ⌬/⌬ myo5 MET3-WOR1 mutant cells express pheromone, as evidenced by the fact that cells of opposite mating types are induced to generate shmoos (Fig.  9E) . Turning off ectopic WOR1 expression completely abolishes the opaque shape of the cells and blocks the shmoo-like morphology (Fig. 9F) .
DISCUSSION
The white-opaque switch is a central component in the mating process of the fungal pathogen C. albicans. Only cells that have switched to the opaque state by activating a feed-forward transcriptional loop controlled by the Wor1p transcriptional regulator are able to mate (6, 54, 55) . The regulatory circuit controlling WOR1 expression involves several other transcription factors, including Efg1p, Wor2p, and Czf1p, and is sensitive to environmental conditions, such as CO 2 levels, N-acetylglucosamine concentration, and temperature (21, 23, 53, 55) . Intriguingly, proper maintenance of this transcriptional circuit also requires components of the cytoskeletal regulation network, including the motor protein Myo5p, the only member of the myosin I protein family in C. albicans, and Sla2p, an actin-binding protein that plays a significant role in growth control and morphogenesis.
In fungi, myosin I is required for proper function of the actin cytoskeleton (8, 13, 27) , and in C. albicans this protein is required for processes such as endocytosis, hyphal formation, proper chitin deposition, efficient separation of yeast form cells, and proper distribution of cell membrane lipids (38) . In contrast to S. cerevisiae, where the myosin I-encoding genes MYO3 and MYO5 are critical for proper proliferation and, in many strain backgrounds, are essential for viability (17, 19) , the proliferation rates of whiteform yeast cells of C. albicans are not dramatically affected by the loss of MYO5 (38) .
Because of the role of Myo5p in the formation of the highly polarized hyphae of white-form cells, it was of interest to establish its role in the formation of the dramatically polarized mating projections of opaque cells. In budding opaque cells, as in budding white cells, the GFP-tagged Myo5p was localized in discrete patches to sites of polarized growth, forming a concentration of signal at the sites of bud emergence and bud growth. When the opaque cells were induced to form a mating projection by the addition of purified pheromone or by the addition of cells of the opposite mating type, the Myo5-GFP signal localized to the tip of the growing projection. In these shmooing C. albicans cells, Myo5p displays both a cap and flat patches clustered at the shmoo tip; this pattern was also observed for the unconventional myosin Myo2p in shmooing cells of S. cerevisiae (28) .
Interestingly, attempts to directly test the role of MYO5 in mating projection formation were complicated by the inability to generate the mating-competent opaque state in myo5 mutants, a failure attributable to a possible role for Myo5p in the establishment of the stable feed-forward transcriptional circuit. As well, sla2 mutants were unable to switch to the opaque state, suggesting a general involvement in some aspect of actin cytoskeletal regulation in this process. Only by ectopically expressing WOR1 under the control of the MET3 promoter were we able to induce an opaque phenotype in a myo5 deletion background, and this opaque phenotype was not stably maintained after shutoff of the MET3 promoter. This pattern was similar to the result of expressing WOR1 ectopically in a/␣ white cells: as long as ectopic expression was continued, the opaque-like state was maintained, but when ectopic expression was shut off, the opaque state did not persist (54) .
Ectopic expression of WOR1 in a myo5 deletion background produces shmoo-like protrusions in cells even in the absence of a pheromone stimulus. These cells are able to mate, showing that myo5-independent polarized growth is capable of allowing zygote formation, but this could be occurring in a pheromone-independent manner. However, it is clear that in opaque cells, extended polarized growth is possible in the absence of Myo5p; this contrasts with the situation in white cells, where hyphal development is Myo5p dependent (37) .
Intriguingly, cells in which MYO5 transcription is controlled from the MET3 promoter also cannot maintain the stable opaque phenotype after suppression of the MET3 promoter. It appears that blocking MYO5 expression disrupts the WOR1 feedback loop that maintains the opaque state, suggesting a possible role for Myo5p in the regulation of gene expression. Myo5p has also been implicated in transcriptional control in white-form cells. Deletion of MYO5 as well as SLA2 generated modified white-cell transcription profiles; genes such as ORF19.5302 and CHR1 were significantly overexpressed in the deletion strains, while CHT2 and CHT3 were underexpressed in the mutants (39) . In some cases, the modified expression in white cells was correlated with a modified phenotype, such as chitin deposition (39) . In mammalian cells, an unconventional myosin I isoform, termed nuclear myosin I (NMI), is found in the nucleus (40) , where it is involved in transcription by RNA polymerase I and II (40, 41) . However, it has not been established whether myosin I in yeast functions directly in transcription, and no evidence for nuclear localization was obtained from the Myo5-GFP fusion. Thus, it is currently unclear how Myo5p functions in determining the stability of the Wor1p transcriptional circuit. Sla2p, which has functions similar to those of Myo5p, also has a similar effect on the white-opaque transition. Both genes play important roles in organizing the actin cytoskeleton (5, 13, 16, 38) ; thus, perhaps Myo5p/Sla2p-dependent transport of messages or proteins is necessary to establish and maintain the circuit. It is intriguing that She4p, which is implicated in message localization in S. cerevisiae, is a Myo5p binding protein (50, 51) ; it would be informative to test whether the C. albicans homolog is involved in the stability of the Wor1p transcription circuit.
Overall, since the proliferation of yeast-form white cells is essentially unaffected by the loss of Myo5, it is somewhat surprising that myo5-defective yeast form opaque cells created by ectopic expression of Wor1p have a significant proliferation defect. This could suggest that there is some fundamental difference in the involvement of the actin cytoskeleton in the budding processes of white and opaque-form cells. However, further work will be necessary to determine the molecular basis for this intriguing connection between cell type determination and actin-based motor proteins in C. albicans.
